Abstract Targets of E2F transcription factors effectively regulate the cell cycle from worms to humans. Furthermore, the dysregulation of E2F transcription modules plays a highly conserved role in cancers of human and zebrafish. Studying E2F target expression under a given cellular state, such as quiescence, might lead to a better understanding of the conserved patterns of expression in different taxa. In the present study, we used literature searches and phylogeny to identify several targets of E2F transcription factors that are known to be serum-responsive; namely, PCNA, MYBL2, MCM7, TYMS, and CTGF. The transcriptional serum response of zebrafish orthologs of these genes were quantified under different doses (i.e., 0, 0.1, 1, 3, and 10% FBS) and time points (i.e., 6, 24 and 48 hours, h) using quantitative RT-PCR (qRT-PCR) in the zebrafish fibroblast cells (ZF4). Our results indicated that mRNA expression of zebrafish pcna, mybl2, mcm7 and tyms drastically decreased while that of ctgf increased with decreasing serum levels as observed in mammals. These genes responded to serum starvation at 24 and 48 h and to the mitogenic stimuli as early as 6 h except for ctgf whose expression was significantly altered at 24 h. The zebrafish Mcm7 protein levels also were modulated by serum starvation/replenishment. The present study provides a foundation for the comparative analysis of quantitative expression patterns for genes involved in regulation of cell cycle using a zebrafish serum response model.
Introduction
The comparison of expression patterns across different taxa helps to identify the extent of the contribution by a particular signaling/transcription module into the regulation of cell cycle and tumor progression [1] . E2F transcription factors are crucially important in cell cycle regulation and share conserved regulatory motifs in worms, insects, fish and mammals [2] . The dysregulation of E2F transcription modules might promote tumors as revealed by the highly conserved signatures obtained from functional gene-set enrichment analyses of the zebrafish and human cancer microarray datasets [1, 3] . Indeed, the zebrafish has recently emerged as a preferable vertebrate model organism for demonstrating the striking conservation of liver cancer expression profiles between zebrafish and human [1, 4] . Furthermore, zebrafish were used as a promising xenotransplantation model for human malignant cell lines [5, 6] .
The quiescent state induced by serum starvation represents a powerful model for studying the mitogen dependency of cancer cells [7, 8] . An increased wound/serum response has already been associated with a worse prognosis in multiple epithelial cancers [9] while microarray studies of human cancer cells and zebrafish cell lines have helped to characterize the global transcriptional signature for serum response [10, 11] . The strong association between the cell cycle, E2F transcription factors and mitogen levels has been well-established for mammals: The reduced serum conditions result in decreased rates of proliferation followed by an arrest in the G1 phase of the cell cycle [12] ; and E2F1, among other transcriptional regulators, drives quiescent cells into the S phase [13, 14] . In serum-replenished human cell lines, an increase in E2F1 at the G1 to S phase transition also has been detected [15] . However, the cellular aspects of the quiescent state induced by serum starvation are not well characterized in zebrafish.
Similarly, the expression response of E2F targets to serum starvation/replenishment has been investigated using large scale transcriptional factor binding site and expression studies in mammals [16, 17] . For instance, among others, PCNA, TYMS, MCM2-7, MYBL2 were shown to be readily induced in mammals by growth-inducing mitogenic stimuli, such as increased serum concentrations and/or by E2F signaling while CTGF was repressed by E2F signaling [16] [17] [18] [19] [20] [21] [22] . In zebrafish, pcna, tyms, mybl2 and ctgf were studied previously, yet mostly in the context of embryonic development and tissue expression. pcna has been shown as a cell proliferation marker in zebrafish embryonic intermediate cell mass and in the highly proliferating cell subgroup of adult kidney cells [23] . The zebrafish ctgf is expressed in the zebrafish embryonic stages [24, 25] , while mybl2 has been shown to be involved in cancer progression as well as cell proliferation, similar to human homolog [26, 27] . Previous studies have shown the importance of Pcna as well as Mcm proteins in zebrafish cell proliferation in zebrafish retina [28, 29] . The expression of pcna and mcm5 were shown to be correlated, and proposed as the markers of cell proliferation also in zebrafish models [28] . Although several components of the minichromosome maintenance (Mcm) complex including mcm7 have been identified in an insertional mutagenesis screen in zebrafish, only the expression of mcm5 has been characterized in detail [28, 30] . Accordingly, the time-and dose-dependent serum responses for the abovementioned genes have not been analyzed quantitatively in the literature.
In the present study, we hypothesized that serum starvation might lead to quiescence in zebrafish fibroblasts and thus modulate the strength and magnitude of expression response of E2F target orthologs in a dose-and timedependent manner [16, 18, 19, 21, 31] . Therefore, we first demonstrated the phylogenetic conservation of the selected orthologs of mammalian E2F targets in zebrafish. Next, we established a serum-response model using zebrafish embryonic fibroblast cells (ZF4) based on cell viability assays. Moreover, the levels of cell proliferation and cell cycle progression were determined when ZF4 cells were serum-replenished based on BrdU incorporation measurements and flow cytometric analyses, respectively. We then performed real-time qRT-PCR analysis of these selected genes under different dose-and time-dependent serum starvation and serum replenishment conditions. Our findings indicated that ZF4 cells went into a reversible state of quiescence upon serum depletion as evidenced by multiple cellular parameters, and thus could be used as a quiescence model for comparative expression studies among vertebrates. In addition, mRNA expression of mybl2, tyms, pcna, mcm7 and ctgf responded to serum starvation/ replenishment in a manner comparable to that observed in mammals based on the information from existing literature. This study provides a foundation for the comparative analysis of expression patterns for genes involved in cell cycle regulation using the ZF4 cell line serum response model.
Materials and methods

Selection of the gene set and primer design
To obtain a more comprehensive understanding of the zebrafish serum-dependent cell signaling, we strategically selected a set of genes known to be repressed under serum deprivation and/or upregulated by E2F1 [16, 18, 19, 21, 31, 32] . Accordingly, zebrafish orthologs of TYMS, MYBL2, PCNA and MCM7 were selected for phylogenetics and qRT-PCR studies. In addition, CTGF, a likely secondary target repressed by E2F also was selected. The decrease in CTGF mRNA levels by E2Fs was confirmed with Northern Blot analyses, and the regulation of CTGF transcription was likely to be indirect shown by cycloheximide treatment [32] . Primers were designed for real-time qRT-PCR analysis using Primer 3 v.0.4.0 (http://frodo.wi.mit.edu) ( Table 1 ) [33] .
Amino acid sequence alignments and phylogenetic analysis
The protein sequences extracted from NCBI (http://www. ncbi.nlm.nih.gov/) and ENSEMBL (http://www.ensembl. org/index.html) databases were aligned using ClustalW [34] and the percent amino acid identity was calculated. The amino acid sequences provided in Table S1 for the Tyms, Mybl2, Pcna, Ctgf and Mcm7 proteins were used for generating the bootstrapped neighbor-joining phylogenetic trees using MEGA version 4 [35] for the following species: human (Hs), rat (Rn), mouse (Mm), chicken (Gg), cow (Bt), salmon (Ss), stickleback (Ga), green spotted puffer fish (Tn), zebrafish (Dr), western clawed frog (Xt), fugu (Tr) and medaka (Ol).
Cell culture
The zebrafish embryonic fibroblast (ZF4; ATCC, CRL-2050) [36] cells were cultured in D-MEM/F-12 (1:1) with 10% FBS and 1% Penicillin/Streptomycin (10,000 U/ml Penicillin, 10,000 lg/ml Streptomycin; HyClone, SH30023, CH30160, and SV30010, respectively; Logan, UT, USA) at 28°C.
Three different experimental designs were used for qRT-PCR analyses; each group contained two biological replicates. Treatment groups at each time point were compared with their time-specific control groups (10% FBS). Accordingly, (1) dose-dependent serum starvation experiments were performed using 3 9 10 6 ZF4 cells (passage number, 13) in T75 flasks incubated with 10% FBS for 24 h followed by the addition of media containing a dose series of FBS (i.e., 0, 1, 3 and 10%) for another 24 h. The cell cycle analysis of 24-48 h serum-starved or that of 24 h starved and then replenished ZF4 cells was performed with propidium iodide (PI) staining to assess the percentages of cells at each cell cycle stage [37, 38] . The PI staining was performed as previously described [39] . At each sampling, 3 9 10 4 cells were analyzed by Becton Dickinson FACScalibur (USA).
The effect of serum starvation on cell proliferation was investigated with 5-bromo-2-deoxyuridine (BrdU) staining as previously described [39] . Briefly, cells were incubated with BrdU adjusted to a final concentration of 0.92 lg/ml for 24 h (Sigma, B9285, St. Louis, MO, USA). Fixed cells were blocked in 10% FBS in PBS for 1 h before incubation with an a-BrdU antibody (1:500 in 2% FBS in PBS; Dako, M0744, Denmark) and a-mouse secondary antibody (1:750 (Table 1) . Amplification conditions were 10 min at 95°C followed by 45 cycles of 30 s at 95°C, 30 s at 62°C (for tyms, mcm7 and mybl2) or 60°C (for ctgf, pcna and ef1a). The primer efficiencies (E) were calculated using 10-fold serial dilutions of cDNA where E equals to 10
[-1/slope of the dilution curve] ( Table 1 ). The relative expression ratio of target genes were calculated using a modified delta-delta Ct method [40] based on primer pair-specific amplification efficiencies and ef1a as the reference gene [41, 42] . The log2 transformed fold change values were plotted in the figures and were used for testing significant differences. For each gene, the real-time qRT-PCR reactions were performed in the same run using biological and technical duplicates. 
Statistical analyses
The MTT, BrdU and PI staining results were analyzed by One-way ANOVAs to test for the dose dependency and/or effects of serum replenishment in response to serum in ZF4 cells. The log2 transformed real-time qRT-PCR expression results for dose-dependent serum starvation for tyms, mybl2, pcna, ctgf, and mcm7 and were compared among groups using a One-way ANOVA. The time-dependent serum replenishment data for the same genes were analyzed using a Two-way ANOVA to test for effects of time and dose, simultaneously. For both the starvation and replenishment experiments, pairwise analyses between dose treatments within an ortholog were then performed using Fisher's pairwise comparisons following use of a One-way ANOVA. All analyses were performed in Minitab Ò and plotted with GraphPad Prism Ò 5.0 (USA).
Results
Phylogenetic conservation of PCNA, MYBL2, TYMS, MCM7, and CTGF Phylogenetic analyses of selected genes showed variable degrees of conservation of the zebrafish homologs with their vertebrate orthologs, yet expectedly the mammalian proteins clustered together while the zebrafish orthologs were closer to fish counterparts (Fig. 1a-e) . The zebrafish and mammalian comparisons based on ClustalW indicated that the sequence similarity ranged from low to high depending on the gene under consideration. For example, the zebrafish Mybl2 amino acid sequence was very weakly conserved among taxa (53% between human and zebrafish) whereas Pcna protein sequence identity among species was relatively higher (90% between human and zebrafish). The Tyms, Ctgf and Mcm7 protein sequence similarities between human and zebrafish ranged between 75 and 80% (Table S2 ).
Analysis of cell cycle and proliferation in serumstarved/replenished ZF4 cells
The cell cycle analysis of 24-48 h serum-starved ZF4 cells was performed with PI staining. Our results revealed that a large fraction of the control ZF4 cells were found at the G0/ G1 phase of the cell cycle (Fig. 2) . However, serum starvation caused a significant increase in cells at the G0/G1 phase, while decreasing the number of cells entering the S and to a lesser degree the G2/M phases for both the 24 and 48 h serum starvation experiments. The treatment with serum for 24 h increased the number of cells entering the S phase, when compared with the serum-starved and nonstarved cells; this increase might have reflected a synchronization event induced by serum starvation for cells at the G1 phase of the cell cycle (Fig. 2) . When cells were cultured at a lower confluency, a similar trend was observed such that serum starvation resulted in an increase in G0/G1 and a decrease in S phases (Fig. S1 ). However, our findings suggest that the number of 10% FBS-treated cells at G0/G1 might be influenced by the level of confluency while the serum-starved cell numbers did not vary with confluency levels (Fig. 2 vs. Fig. S1 ).
Our results also showed that serum starvation caused a significant decrease in cell proliferation such that the rate of BrdU incorporation was 99% in the control ZF4 cells cultured with 10% FBS for 48 h, while only 11% of the cells incorporated BrdU upon 48 h serum starvation (Fig. 3) . The ZF4 cells that were serum-starved and then replenished for 24 h reentered a state of proliferation. This indicated that the effect of 24 h serum starvation on DNA synthesis was reversible.
Dose-dependent response to serum starvation
The increase in cell viability of ZF4 cells was directly correlated with the increased serum levels. The pairwise comparisons showed that the 0, 1 and 3% FBS groups responded to reduced serum levels by a significant decrease in cell viability (Fig. 4a , One-way ANOVA; P B 0.001 for % FBS).
One-way ANOVA performed on real-time qRT-PCR results showed that mybl2, mcm7 and tyms expression levels decreased significantly under serum starvation in a dose-dependent manner while the level of change approached significance in pcna (Fig. 4b) . Pairwise tests based on Fisher's multiple comparisons indicated that the expressions of mybl2, mcm7, tyms and pcna genes were significantly down regulated at the 0% FBS treatment but only for mybl2 and mcm7, the change in expression was significant also at the 1% FBS level when compared to control levels. ctgf showed a significant dose-dependent response to serum starvation; ctgf expression steadily increased at the 3 and 1% FBS treatments, while there was no significant difference between the 10 and 0% FBS treatments (Fig. 4b) . Fig. 1 The phylogenetic analyses of selected E2F target ortholog protein sequences in different species (Table S1) . Time-dependent response to serum replenishment Serum replenishment for 6 h was adequate for recovery of the cells from reduced cell viability caused by serum starvation (Fig. 5a , One-way ANOVA; P B 0.001), while the 24 h serum replenishment allowed for complete recovery of cell viability (Fig. 5b , One-way ANOVA; P B 0.001).
The expressions of tyms, mybl2, mcm7 and pcna were significantly different in at least one of the groups tested (i.e., 24 or 48 h serum-starved (0.1% FBS) or control (10% FBS) groups). A Two-way ANOVA showed that the starvation associated decrease observed in the expression of these genes was significant and independent of time (Fig. 6a , Two-way ANOVA according to log2 transformed fold change difference; tyms, P dose = 0.001, P time = 0.558; mybl2, P dose B 0.001, P time = 0.212; pcna, P dose = 0.001, P time = 0.276; mcm7, P dose B 0.001, P time = 0.576). Serum-starved cells at both the 24 and 48 h showed significant decreases in the mRNA levels of mybl2, mcm7 and pcna whereas that of tyms was only significantly different from the 24 h 10% FBS treatment. Strikingly, the serum replenishment restored expression to the original levels (Fig. 6a) . The transcriptional change in ctgf, on the other hand, was time-dependent, yet highly significant at both the 24 and 48 h time-points (Fig. 6a , Two-way ANOVA according to log2 transformed fold change difference; ctgf, P dose B 0.001, P time = 0.01).
The level of protein expression of Mcm7 also exhibited a significant decrease under the 24 h serum starvation regime (Fig. 6b) suggesting that changes observed at the mRNA levels also were reflected in the protein synthesis. We also quantitatively analyzed the change in mRNA levels for cells replenished with 10% FBS for 6 h upon serum starvation (Fig. 7a) . The expression levels of tyms, mybl2 and pcna increased significantly with serum at 6 h as they did at 24 h, while the expression of ctgf was unaffected. The change in mcm7 mRNA expression approached significance at 6 h while it was highly significant at 24 h. mcm7 gene expression was also studied at the protein level. There was a consistent decrease in the Mcm7 protein levels by serum starvation at the 24 and 48 h treatments. The serum replenishment, particularly for the 24 h, was highly effective in restoring the original level of protein expression for Mcm7 (Fig. 7b) .
Discussion
In the present study, we investigated the expression patterns of the zebrafish orthologs of the known mammalian direct or secondary targets of E2F transcription factors; tyms, mybl2, pcna, ctgf and mcm7 in serum-starved/ replenished ZF4 cells using real-time qRT-PCR analyses. Moreover, we demonstrated for the first time that in ZF4 cells serum starvation and replenishment treatments The asynchronized mammalian fibroblasts accumulate in G0/G1 phase of the cell cycle after serum starvation and reenter the S phase upon serum stimulation [47] . Herein, we described the cellular serum response of the ZF4 fibroblast cell line, a frequently used in vitro model in zebrafish [48] [49] [50] [51] [52] . Our results showed that (a) the serum starvation significantly decreased the viable cell numbers, which were later on rescued by serum replenishment; and (b) the viable ZF4 cells that have survived the serum starvation stopped proliferating and became arrested at the G0/G1 phase of cell cycle as previously shown in the mammalian fibroblast cells [47, [53] [54] [55] [56] . Most strikingly, the serum-replenished cells reentered the S phase of cell cycle and commenced proliferation as the mammalian fibroblasts [57] . The high percentage of ZF4 cells entering the S phase after serum stimulation represented a likely synchronization process caused by serum starvation.
The expression response to serum fluctuations in ZF4 cells in comparison to that in mammals Recent studies emphasize the role of comparative models in understanding the functional conservation of important cell signaling components. Our findings indicated that the zebrafish pcna, tyms, mcm7 and mybl2 genes were highly responsive to serum in the direction observed in mammalian cells [18, 20, 21] . The real-time qRT-PCR results showed that the zebrafish pcna expression was highly responsive to serum starvation and replenishment as previously shown for mouse embryonic fibroblast (MEF) [21, 58] and in the Chinese Fig. 6 a The real-time qRT-PCR results of selected genes under 24 h serum replenishment regime. The real-time qRT-PCR results were normalized to the 24 h 10% FBS-treatment. Oneway ANOVA results were, for 24 h: tyms, P = 0.002; mybl2, P = 0.031; pcna, P = 0.013, ctgf, P = 0.028; mcm7, P = 0.015 for 48 h: tyms, P = 0.03; mybl2, P B 0.001; pcna, P = 0.005; ctgf, P = 0.007; mcm7, P B 0.001. * refers to a group significantly different from the 10% control at the given time point. 10% rep. refers to the treatment of 24 h serum starvation followed by 24 h serum replenishment. b Protein expression of Mcm7 gene for the 24 h starved versus asynchronized ZF4 cells hamster ovary cell line (CHOK1) [59] . Serum starvation resulted in a highly significant decrease in the expression of the zebrafish mybl2 in our study as in the normal human bone marrow fibroblasts [19] . We observed an increase in mybl2 expression starting from 6 h of serum stimulation. In quiescent mouse embryonic fibroblast cells the Mybl2 mRNA increased gradually after serum stimulation starting at the 12 h of serum replenishment [60] .
We detected a significant increase in the tyms expression even within 6 h of serum replenishment. A similar increase in the Tyms expression following serum stimulation also was observed in NIH 3T3 cells between the 8 h-10 h of serum treatment [61] yet in mouse 3T6 fibroblasts, the Tyms activity showed a decrease under long-term serum starvation [31] .
We have found that ctgf expression was serum-responsive in a time-dependent manner and most drastically increased at the 24 h 0.1% FBS treatment; the expression was reduced following serum recovery between the 6-24 h. Human CTGF expression also responded to serum in the same direction based on the GEO microarray expression profile analysis of human T98G cells [11] . Stimulatory effects of serum starvation on zebrafish ctgf thus suggest significant functional conservation across vertebrate taxa. However, the direction of the effects might be species as well as cell-type specific, as in contrast to our findings, a decrease in the CTGF mRNA was detected after serum stimulation in a human mesangial cell line [22] .
In mouse and human cells, the prolonged quiescent state caused the downregulation of all the mcm proteins Fig. 7 a The real-time qRT-PCR results for 6 h serumreplenished cells. The real-time qRT-PCR results were normalized to the 30 h 10% FBS-treatment. One-way ANOVA results were: tyms, P = 0.011; mybl2, P = 0.001; pcna, P = 0.014; ctgf, P = 0.053; mcm7, P = 0.095. The significance at P B 0.05 was represented as * b Protein expression of Mcm7 under serum starvation and replenishment (MCM2-7), while reentering into the G1 phase led to upregulation of Mcm transcripts and proteins [18] . We have shown that mcm7 expression in ZF4 cells was serumresponsive, while the changes observed at the mRNA levels were linearly reflected at the protein level; similar changes were observed in the serum-stimulated MCF7 breast cancer cells [62] . The mRNA and protein expression of the mcm7 gene have been characterized in zebrafish model for the first time in the present study. However, to better assess the correlation between mRNA and protein levels under serum starvation, further studies focusing on other genes are needed.
In conclusion, our findings indicated that the level of serum incorporated into the media has been reflected in the cellular characteristics as well as the transcriptional response the ZF4 cells displayed, suggesting a significant dose-and time-dependency in serum response. Furthermore, we showed that the fibroblast serum response in zebrafish was highly similar to that in mammals with respect to the genes under investigation. Serum starvation was as effective at the 48th h as at the 24th h for pcna, tyms, mcm7, mybl2, and ctgf. 6 h serum replenishment experiments on the other hand showed that only the expression of tyms, mybl2 and pcna returned to near normal levels while the mcm7 and ctgf responded to increased serum levels relatively later. Moreover, the mammalian orthologs of the selected genes examined in the present study are known to be regulated by different transcription factors in addition to E2F family members, i.e., c-myc, p53, and/or TFG-b2 [16, [63] [64] [65] [66] [67] [68] . It will be interesting to further test whether these zebrafish orthologs also share common transcriptional regulatory signatures.
